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Welding process 
TECHNICAL FIELD 

5 

The present invention concerns a device and a method for tuning an arc welding system. 
More precisely the invention concerns a device and a method for tuning the arc welding 
system by using a simulation model of the arc welding process. In particular the invention 
concerns an arc welding system further including an industrial robot for holding and oper- 
10 ating the welding torch. The invention also concerns a computer program product. 

BACKGROUND OF THE INVENTION 

15 In an arc welding process an electrical arc is established between a continuously fed con- 
sumable electrode and the base metal to be welded. Energy from the arc is used to melt the 
base metal and the electrode. Droplets form on the tip of the molten electrode and are 
transferred across the arc. An inert or slightly reactive shielding gas is provided in the arc 
region to reduce the reaction of the base metal, molten electrode, and arc due to contami- 

20 nation by the atmosphere. A power source is used to hold the arc voltage or current con- 
stant for a given electrode feed rate via an internal feedback control. Disturbances in the 
arc region such as shielding gas contamination, weld pool interference, and excessive 
melt-through can be detected in the current and voltage signals as the power source 
compensates for these events. 

25 

Electric arc welding is a complicated process and the resulting deposition of molten metal 
into a weld pool for performing the welding operation is determined by a tremendous 
number of interrelated and non-interrelated parameters. These parameters affect the depo- 
sition rate, the spatter and debris around the welding operation, the shape and appearance 
30 of the weld bead, and the location and quality of the protective slag, to name just a few. 
The welding process is controlled by the protective gas composition, its flow rate, torch 
design, the welding torch angle, welding tip design, the size and shape of the deposition 
groove, control apparatus used in the welding process, amount of stick-out, wire feed 
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speed, speed of the torch along the workpiece, smoke extraction, type of grounding con- 
tact on the workpiece, atmospheric conditions, the composition of the workpiece and other 
variables. 

5 Consequently, arc welding has been largely a trial and error procedure with the ability of 
the welder to use the appropriate settings for obtaining consistent welds. Each time one of 
the parameters is changed, the appearance, size, shape, contour, chemistry and mechanical 
properties of the resulting weld is affected. For this reason, arc welding is a very complex 
science. Today trained welding engineers are required to provide the desired results. Most 

10 systems employ electrical welding parameters at the welder itself, such as a closed loop 
control based upon arc voltage, arc current or pulse settings. The settings of voltage, cur- 
rent or pulse size or rate are controlled by the welding engineer or by the technician for 
generating the desired welding. There is no procedure in the art which controls an arc 
welding process ad hoc without the intervention of the welder or welding engineer. Con- 

15 sequently, in high production arc welding the weld is controlled by adjusting various pri- 
mary parameters and disregarding the less meaningful parameters. 

Arc welding systems comprising a controllable manipulator or an industrial robot are 
widely used in the industry. In such a process the robot is programmed to follow a desired 
20 path to be welded with the welding torch being held at a specified distance. Before the 
welding process starts the electric circuit, the movement of the robot and the arc welding 
process parameters must be tuned to achieve optimum quality and productivity. 

Since the arc welding is such a complicated process and dependent on a tremendous num- 
25 ber of parameters, that sometimes is interrelated but more often is non-related, the process 
is often divided into a tuning process and a welding control process. The tuning process is 
thus performed in advance and seeks to evaluate and define values for all parameters that 
have an influence on the welding quality. Most of these values depend on the welding 
situation such as the electrical circuit of the welding apparatus and on the properties of the 
30 shielding gas and the workpiece to be welded. Thus the workpiece can be determined by 
parameters of plate thickness, material, type of weld, and so on. The welding apparatus 
can be determined by the power source, inductance and resistance of the electric circuit 
and so on. A plurality of these parameters can be calculated or measured in advance. A 
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grater part of these parameters cannot be determined beforehand and therefore have to be 
given Active values in order to stabilize the welding apparatus. 

From US 6,096,994 an automatic welding condition setting method and apparatus is pre- 
5 viously known. The object of the apparatus is to provide means for setting a welding op- 
eration condition, which can be easily used to set a welding operation for a work setting 
and for a welding objective by a beginner. Thus the apparatus comprises a welding infor- 
mation recording portion for recording welding operation information as well as welding 
object information. The method discloses means for setting a welding condition by calcu- 
10 lating the welding condition in an arc welding comprising the steps of setting a welding 
machine characteristic parameter and/or a welding machine characteristic expression, set- 
ting a welding cross sectional area, setting a correction value determined by each of the 
elements in a welding, setting a thrown metal amount from some of the welding elements 
and the welding machine characteristic parameter and/or the welding machine characteris- 
15 tic expression, setting a deposited metal amount from some of the welding elements, and 
calculating a welding condition by means of supposing that a value obtained by multiply- 
ing the deposited metal amount by the correction value and the thrown metal amount have 
the relation of an equality. 

20 In this method the wire feed speed is adjusted in such a manner that the obtained welding 
condition becomes within an allowable range of the welding current or/and an allowable 
range of the heat input. The welding machine characteristic parameter and/or the welding 
machine characteristic expression are set by supposing that the relation among the welding 
current, the welding wire melting speed and the welding voltage is the parameter and/or 

25 the characteristic expression. The welding cross sectional area is determined by a welding 
element such as a joint shape, a thickness of a base metal or the like. A correction value is 
determined by a welding element such as a joint shape, a thickness of a base metal, a ma- 
terial of a base metal, an attitude of a work, a gap amount of a work, a material of a weld- 
ing wire or the like. A welding demand element such as a bead width, a penetration depth, 

30 an amount of an reinforcement, a leg length or the like, the thrown metal amount is deter- 
mined by the welding current, a welding wire melting speed, a diameter of a welding wire 
or the like. The deposited metal amount is determined by the welding cross sectional area 
and the welding speed. 
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The apparatus and the method described in the known patent document is thus built on 
simple presumptions of the behavior of the welding operation. The method is aimed for 
labour welding and does not include any means for predicting the result. 

5 

From WO 02/078891 a method for controlling an arc welding equipment is previously 
known. A first object of the method is to control an arc welding equipment by enabling the 
equipment to be controlled during a welding operation by adjusting at least one welding 
parameter determined without the need of measurements of the welding process or re- 
10 peated welding experiments prior to welding. The method is also used for simulating a 
welding process and for predicting the quality of a weld under the same circumstances. 

The method disclosed in the document involves the step of dividing the welding process 
into at least two parts, representing each part and an associated parameter by a model 

15 component, putting the model components and a model powers source in an electric cir- 
cuit model, and calculating electric circuit model parameters related to the welding pa- 
rameters. By this method it is possible to determine at least one welding parameter value, 
such as the welding current or the voltage supply, wire feed rate, wire extension, and use 
this welding parameter value for controlling the arc welding equipment in accordance with 

20 the present conditions to obtain a weld with the desired properties. 

The main idea of the method is to obtain the value of at least one welding parameter by 
means of a theoretical model and use said at least one welding parameter in operating an 
arc welding equipment and/or in predicting the quality of a weld obtained from an arc 

25 welding operation. This is performed by dividing the welding process into parts in the 

theoretical model and letting each of these welding process parts and the welding parame- 
ters associated therewith be represented by a model component. The components are then 
put in an electric circuit model together with a model power source with the purpose of 
calculating at least one electric circuit model parameter related to said at least one welding 

30 parameter from the electric circuit model. The components may be resistive and/or induc- 
tive components, but also other electric elements than pure resistors and inductors may be 
included in the electric circuit model. 
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The known method for controlling an arc welding equipment is based on a model of a ro- 
botic arc welding process prediction. The methodology involves practical experience and 
experimental measurements. However these measurements and experiences for creating 
the model are made on one welding station only. Thus, in a attempt to achieve even better 
means for tuning an arbitrary arc welding system there is a need for further development 
of the simulation model approach. 



SUMMARY OF THE INVENTION 

A primary object of the present invention is to provide a welding system in which the 
welding station is tunable to achieve a predetermined quality of the weld of a welded joint 
in an easy, reliable and less time consuming way. A second object of the invention is to 
provide a welding system involving a simulation model of an arc welding process in order 
to produce tuning parameter values by which the actual welding station is accurately tun- 
able beforehand to reach the predetermined quality. 

These objects are achieved according to the present invention by a method according to 
the features in the characterizing part of the independent claim 1 and by a welding system 
according to the features in the characterizing part of the independent claim 5. Preferred 
embodiments are described in the dependent claims. 

According to a first aspect of the invention the objects are achieved by a method of tuning 
an arc welding station wherein the tuning parameter values are calculated from a simula- 
tion model of an arc welding system and that the simulation model is calibrated to repre- 
sent the actual welding station. 

The simulation model is built on a combination of practical and theoretical knowledge 
about the welding process and contains components representing the electric circuit, the 
power source and the metal transfer from the electrode to the workpiece in the arc region. 
A main component is a model of the electric circuit. In close interaction therewith the 
simulating model comprises model components containing properties of the cables, the 
power source, the wire, the workpiece, the weld profile and a model component contain- 
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ing the arc including metal transfer between the wire and the workpiece. All model com- 
ponents, such as electrical circuit, the wire, the arc, the work piece and weld profile are 
grouped in one computer based system. 

5 The use of a simulation model in order to produce parameter values for tuning a welding 
station does not, however, take into account properties of the welding system that are re- 
lated to the actual welding station on site. Thus influences of contact properties, damaged 
cables, and cables making loops, and the properties of the power source in use are not ac- 
counted for in a simulation model. The model therefore has to be calibrated to represent 

10 the actual welding station accurately. This is done according to the invention by determin- 
ing input parameters for a welding simulation model by measurement of such properties of 
the actual welding station on site. 

According to a second aspect of the invention the objects are achieved by an arc welding 
15 system comprising welding station with an electric circuit including a power source, a 
wire feed system and a workpiece. The welding system also comprises a control system 
including a processor and means for tuning the arc welding system. The tuning means 
comprises a simulation model of an arc welding system, means for receiving calibration 
parameter values to calibrate the simulation model, means for calculating the tuning pa- 
20 rameter values, and means for implementing these values into the control system. 

The properties of the model component for the cables are easily detectable from the length 
and the cross section of the cables. However, these values are sensitive to the final result 
of the welding operation. From geometrical properties only no affect can be accounted for 

25 concerning damages of the cable, connection deviations and the cables interacting with 
other surrounding objects. Therefore, according to the invention these input system pa- 
rameters must be measured on site and implemented into the simulation model in order to 
calibrate the simulation model to the actual welding situation. The calibration of the simu- 
lation model to represent the actual welding station would result in achieving better qual- 

30 ity of the welded joint. 

Arc welding involves a metal transfer from the wire to the workpiece comprising three 
main parts. The first part comprises the metal evaporation close to the electrode. In this 
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region the gradients of temperature is high and the concentration of molten particles is 
dense. In this region and the voltage drop is high and the local thermodynamic properties 
are not in balance. The second part comprises the arc column itself, which occupies most 
of the space between the electrode wire and the workpiece. In this region the system is in 
5 local thermodynamic balance and the voltage drop is low. The third part comprises the 
behavior of the metal condensation in the region close to the second electrode. In this re- 
gion the gradients of temperature is also high and the concentration of molten particles is 
dense. The local thermodynamic properties are not in balance neither in this region and the 
voltage drop is high. 

10 

The simulation model according to the present invention includes model components of 
the metal transport behavior of each of the first part, the second part and the third part. All 
components are interactively composed in the simulation model. By feeding into this 
model system input values of the actual welding system and the actual welding conditions 
15 the evaluation of the model produces parameter values by which the system is tuned. 

According to the invention the calibration is performed by measurement of a plurality of 
system parameter values, such as properties of the electric circuit, the arc, the power 
source and conditions of the actual weld situation, which are fed into the simulation model 

20 of the arc welding system. As a result the simulation model will be adopted to represent 
the actual welding situation on site. Parameter values for tuning the system for the actual 
arc welding process are calculated from the model. After tuning the system the arc weld- 
ing process is performed by adaptively controlling the process. To this end a plurality of 
synergic lines, which describe the dependence between voltage and wire feed rate for dif- 

25 ferent conditions is easily derived from the model. 

A synergic case is based on a combination of method, material, wire dimension, gas and 
wire feed speed. Based on these settings the simulation model, based on the power source 
weld data unit, calculates the settings for the additional schedule components to be used in 
30 the selected method. When this combination has been defined, the main ruling data com- 
ponent is the wire feed speed. The welding voltage value is defined according to the syn- 
ergic line for the chosen combination. The welding voltage can then be adjusted in a posi- 
tive or a negative direction outgoing from the synergic line. The default value for the 
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welding voltage is zero volts. That means that the system is working on the predefined 
synergic line. 

In a preferred embodiment of the invention the calibration of the model is performed by a 
5 static calibration process. In this process the electric properties of the welding system be- 
ing first determined by measurement of the electric system with the wire electrode in short 
circuit contact with the workpiece. By performing a measurement of the short circuited 
electric system the influence of the arc is eliminated. By empowering the short circuited 
electric circuit of the arc welding system with a small current the properties, such as in- 
10 ductances and resistances of the electrode circuit and the workpiece circuit is calculated. 
This process only needs to be performed once and need not to be performed again until 
anything in the electric circuit has changed, such as the replacement of a cable or the like. 

In a further preferred embodiment of the invention the calibration is additionally per- 
15 formed by a dynamic calibration process. In this further process additional properties of 
the welding station on site is measured with the station being powered and producing an 
arc. The voltage and current of the electric circuit are then measured for different process 
modes (for instance spray-arc, short-arc or rapid arc etc). The measured voltages and cur- 
rents are then compared with the corresponding voltages and currents produced from the 
20 simulation model. By application of a correlated rule system the model is further cali- 
brated for dynamic effect of the welding station on site. The dynamic calibration needs to 
be performed only once. 

hi a further preferred embodiment of the present invention the calibration is additionally 
25 performed by determine the "finger prints" of the power source. Each power source has a 
dynamic way of operation. Thus the power source "has its own li fe" and compensates for 
excess current or voltages as well as for voltage drops. In order to find out the behavior of 
the power source in the actual welding station these dynamic properties has to be defined 
and adopted to the simulation model. 

30 

By calibrating the simulating model both statically and dynamically as well as by the be- 
havior of the power source the tuning parameter values determined by the model will 
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make the welding system producing welded joint with a very high quality. By the cali- 
brated model it is also possible to accurately predict the quality beforehand. 

By experience a plurality of synergic lines of the wire feed rate (wfr) and the voltage (V) 
5 over the electrodes are known. Each synergic line is dependent upon a plurality of other 
parameters of the hardware properties of the welding situation. Such properties are the be- 
havior of the power source, the properties of the electric circuit, the thickness of the base 
plate, the type of weld to be performed and other properties. Thus when all properties have 
been introduced into the simulation model, all parameters for tuning the system will be 
10 derived from the model. The process thus involves means to choose the best synergic lines 
for tuning the speed of the wire feed according to the voltage of the power source. 

In an arc welding, there are different known metal transfer modes, such as short-arc mode, 
spray-arc mode, globular mode, pulsed-arc mode and rapid-arc mode. In a typical short- 
15 arc mode, there are at leas t three distinctive phases of operation. In a first phase the tip of 
the welding wire is at distance from the workpiece. The arc is burning and a droplet is 
formed on the tip of the wire. In this phase there is no contact between the droplet and the 
workpiece. As the droplet grow the free distance between the droplet and the workpiece 
decrease. The arc voltage is therefore decreasing in this phase. 

20 

In a second phase the droplet has filled the space between the welding wire and the work- 
piece thus creating a short cut. Thus the arc voltage is almost zero. In a third phase the 
droplet has left the wire and is spreading on the workpiece. In this phase the arc voltage is 
at highest. Thus from determining the arc voltage the welding process can be adaptively 
25 controlled. Process controlling parameters comprises wire feed rate (wfr), current (A) and 
welding speed (ws). 

When the welding speed increases there is within the first phase a second behavior that 
comprises a plurality of droplets in the gap between the welding wire and the workpiece. 
30 In an instant moment the plurality of droplets will cause a direct contact between the weld- 
ing wire and the workpiece. This will create a short cut of the electric system resulting in a 
low arc voltage, hi another instant moment the total free gap between the droplets in the 
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space between the wire and the workpiece will be short thus resulting in a somewhat 
higher arc voltage. 

From the determined properties of the circuit one of the synergic lines is chosen for the 
5 process. From the chosen synergic line other process parameters such as wire feed rate, 
current and welding speed is determined. If any part of the electric circuit is exchanged or 
performing differently a new calibration is performed. The new calibration will produce 
new values for the input parameters in the simulation model. Thus the calibration will 
adopt the model to represent the new welding situation. The calibration of the model will 
10 results in performing very accurate tuning parameter values for the arc welding process. 

The welding system also comprises computer means for performing the calibration and for 
controlling the welding process as well as memory means for storing synergic lines and 
other process data as well as programs carrying instruction for the computer means to 
15 carry out the calibration and the process control. The calibration and tuning procedure 
result in a time saving and a material saving. The method is applicable on any 
power source. When atomizing the calibration procedure the arc welding process 
will also be easy to use. 

20 

BRIEF DESCRIPTION OF THE DRAWINGS 

Other features and advantages of the present invention will become more apparent to a 
person skilled in the art from the following detailed description in conjunction with the 
25 appended drawings in which: 

Fig 1 is an arc welding system comprising an industrial robot, 

Fig 2 is an electric circuit of a typical welding system, 

Fig 3 is a simulation model of the arc welding system, 

Fig 4 is a model component of the arc region, 

30 Fig 5 is a diagram of different synergic lines, 

Fig 6 is a diagram of the three phases of welding operation. 
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Fig 7 is a detailed picture of a welding system, and 

Fig 8 is a diagram showing measured and predicted curves of I and U. 

5 DETAILED DESCRIPTION OF THE INVENTION 

An arc welding system comprises according to fig 1 an industrial robot 1 and a electric 
circuit 2. The electric circuit comprise s a power source 3, a welding torch 4, a welding 
wire magazine 5 and a workpiece 6. The power source is connected to the torch with a 

10 first electric path 7. The power source is connected to the workpiece with a second path 8. 
When welding there is between the torch and the workpiece an arc 13. The arc welding 
system also comprises a control system 20 including processor means 33 and memory 
means 34 for storing data and a computer program. The control system comprises a simu- 
lation model of the arc welding system, means for tuning the welding system and input 

15 means (46) for receiving simulation model calibration parameter values. The control sys- 
tem also includes as shown in the figure a connection link (47) for data exchange and 
communication with another computer driven unit or a network, such as the Internet. 

The electric circuit is shown in more detail in fig 2. Using the same numbers as in fig 1 
20 there is a power source 3 with a first electric path 7 and a second electric path 8. The first 
electric path involves a cable that comprises an first inductance 9 and a first resistance 10. 
In the same way the second electric path involves a second inductance 1 1 and a second 
resistance 12. The first electric path ends with a welding torch 4 and the second electric 
path ends with a workpiece 6. In welding operation there is an arc 13 between the torch 
25 and the workpiece. 

A simulation model 21 of the arc welding system according to the invention is shown in 
fig 4. The model comprises an input module 22 and an output module 23. The input mod- 
ule comprises means for receiving system input parameters and information of the robot, 
30 the torch, the geometrical and material properties of the workpiece and the electrode, and 
angles of the torch. The output module comprises means for controlling the process in- 
cluding tuning of the welding system, means for predicting the result of the weld, and 
means for evaluating the quality of the weld. The model also comprises a model compo- 
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nent of the electric circuit 24, a model component of the metal transport in the arc region 
25 and a model component of the power source 26. 



The model component 25 of the metal transfer of the simulation model is further explored 
5 in fig 4. The model component comprises three main parts; a model part of the wire 27, a 
model part of the arc region 29 and a model part of the workpiece 31. Connecting and in- 
teracting with these main model parts are a model part of the wire-arc interaction behavior 
28 and a model part of the arc-workpiece interaction behavior 31. The model component 
also include a model part of the influence from the shielding gas 32 that surround the elec- 
10 trode. All these model part are erected from physical behavior of the arc. 

From numerous experiments it is known certain properties between the power supply 
voltage, V s , and the welding wire feed rate, wfr, as shown in fig 5. These properties repre- 
sent for different conditions of the welding process different synergic lines 15. That is 
15 when these parameters from the welding process is known a desired synergic line is cho- 
sen, by which the properties between the voltage and the wire feed rate is decided. 

Fig 6 shows three common phases of a welding process. In a first phase a the tip of the 
welding wire is at distance from the workpiece. The arc 13 is burning and a droplet 16 is 
20 formed on the tip of the wire 4. In this phase there is no contact between the droplet 16 
and the workpiece 6. As the free distance between the droplet and the workpiece decrease 
the arc voltage Varc is also decreasing in this phase as denoted with A in the diagram. 

In the second phase b the droplet 16 has growing bigger and finally makes contact with the 
25 workpiece. When the droplet fill the distance between the wire and the workpiece the elec- 
tric circuit is short circuited and the arc voltage is almost zero. This is shown in the dia- 
gram by the point B. 

In the third phase 4c the droplet has left the wire and is spreading on the workpiece. In this 
30 phase the arc voltage is at highest and denoted by point C in the diagram. 

When the welding speed increases there is within the first phase a second behavior that 
comprises a plurality of droplets in the gap between the welding wire and the workpiece. 
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In an instant moment the plurality of droplets will cause a direct contact between the weld- 
ing wire and the workpiece. This will create a short cut of the electric system resulting in 
no arc voltage. In another instant moment the total free gap between the droplets in the 
space between the wire and the workpiece will be short thus resulting in a low arc voltage 

5 

In fig 7 the torch region of the welding system is showed in more detail. Using the same 
denotations as above there is a power source 3 with a first connection path 7 to the weld- 
ing torch 4 and a second connection path to the workpiece 6. Through the center of the 
torch 4 is passing a welding wire 35 from a wire magazine 5. The wire is passing through 

10 the torch at a predetermined speed controlled by a wire feeder 38. On the front side of the 
torch an arc 13 is present between the tip 41 of the welding wire and the workpiece 6. Co- 
axially with the welding wire a shielding gas 36 is passing through the torch from a shield- 
ing gas container 37. The welding system comprises a cooling system for cooling of the 
torch including a cooling media 39 and a cooling media storage 40. The cooling media is 

15 circulating through the torch. The cooling media may be any convenient fluid such as wa- 
ter and the like. The cooling system may also comprise a closed loop interacting with a 
heat exchanger. 

To adequately represent the actual welding station on site the simulation model must be 
20 calibrated. In a first calibration mode this is achieved by a static calibration. In this 

calibration mode the arc is short circuited by a link 14 from the torch to the workpiece. 
The electric system is then powered with a small, controllable current whereby the 
inductance 9 (fig 2) and the resistance 10 of the first path 7, and the inductance 1 1 and the 
resistance 12 of second path 8 is calculated The simulation model is then adjusted for 
25 these measured parameter values. 

In a second mode the simulation model is calibrated by a dynamic calibration. In this cali- 
bration the welding station is full powered and an arc is present between the tip of the 
electrode and the workpiece. The current through the first path 7 and second path 8 and 
30 the voltage over these paths is measured in this process mode. A typical representation of 
such measurement is shown in fig 8. In the top section of the diagram in fig 8 a measured 
current 42 is shown together with a current 43 calculated from the no calibrated simulation 
model. In the lower section of the diagram in fig 8 a measured voltage 45 is shown to- 
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gether with a calculated voltage from the no calibrated simulation model. The simulation 
model is thereafter calibrated whereby the simulated currents and voltages matches the 
measured equivalents. 

5 hi a third mode of calibration the simulation model is calibrated for the actual behavior of 
the power source in use. In this calibration mode the current and voltage are measures in 
the electric circuit outside the power source for a plurality of process modes. By this cali- 
bration mode the ''finger prints" of the power source are determined and implemented into 
the simulation model. Measurements to determine parameter values for the second and the 

10 third calibration mode is preferably performed at the same time. 

Although preferred the scope of the invention is not restricted to the embodiments shown 
in the figures but may within the inventive thought cover also other not shown aspects of 
the invention. 



